Here we report a disposable, cost effective electrochemical paper-based sensor for the detection 2 of both nitrate and mercury ions in lake water and contaminated agricultural runoff. Disposable 3 carbon paper electrodes were functionalized with selenium particles (SePs) and gold 4 nanoparticles (AuNPs). The AuNPs served as a catalyst for the reduction of nitrate ions using 5 differential pulse voltammetry techniques. The AuNPs also served as a nucleation sites for 6 mercury ions. The SePs further reinforced this mercury ion nucleation due to their high binding 7 affinity to mercury. Differential pulse stripping voltammetry techniques were used to further 8 enhance mercury ion accumulation on the modified electrode. The fabricated electrode was 9 characterized by scanning electron microscopy, energy-dispersive X-ray spectroscopy, and 10 electrochemistry techniques. The obtained results show that the PEG-SH/SePs/AuNPs modified 11 carbon paper electrode has a dual functionality in that it can detect both nitrate and mercury ions 12 without any interference. The modified carbon paper electrode has improved the analytical 13 sensitivity of nitrate and mercury ions with limits of detection of 8.6 µM and 1.0 ppb, 14 respectively. Finally, the modified electrode was used to measure nitrate and mercury in lake 15 water samples. 16 17 18
Introduction
Contaminants in rivers, lakes, and drinking water are a serious environmental problem and have been a major concern for many researchers all over the world. It is extensively recognized that heavy metals are the cause of many disorders in plants, animals, and humans as these metals bioaccumulate in food chains and threaten both human and ecological health (Aragay et al., 2011; Yantasee et al., 2007) . Mercury is considered one of the most hazardous heavy metal pollutants because of its toxicity and the mobility of its species throughout different environmental systems.
Nitrate contamination also continues to be a problem for the world given the increased use of nitrate fertilizers in agricultural fields leading to runoff levels exceeding the maximum contaminant level defined by the US Environmental Protection Agency (EPA) (Kanter et al., 2015) . This nitrate runoff leads to many water quality issues like eutrophication, and it can affect human health if it contaminates drinking water supplies. As a result, the development of simple, highly sensitive, low cost, disposable sensors for nitrate and mercury ions is of continuing interest. For heavy metal detection, methods including atomic absorption spectrometry and induced coupled plasma mass spectroscopy have been widely used, although they require a controlled laboratory setting, sophisticated instrumentation, and long analysis times that incur high costs (Saitoh et Khanna et al., 2015) . In the environment, selenium sequesters mercury into an insoluble form ultimately reducing its mobility, bioavailability and ecotoxicity (Johnson et al., 2008; Newland et al., 2006; Skerfving, 1978) .
Electrochemical methods offer a useful approach over conventional methods, and through research, these techniques are continuously achieving higher sensitivities and greater selectivity for the inexpensive detection of heavy metals as well as nitrate ions in environmental and medical settings (Gross et al., 2015; Mikkelsen and Schrøder, 2001; Shen et al., 2015) .
Nanomaterials have been widely used to improve electrochemical sensing platforms for heavy metal detection since they form unique three-dimensional structures that provide a large reactive surface area that improves both sensitivity and selectivity (Bui et al., 2012; Gong et al., 2010; Zhang et al., 2015) . Electrochemical methods are often faster, cheaper, and safer analyses that can be conducted on-site without complicated equipment. Among the variety of techniques used in electrochemical sensing, differential pulse voltammetry (DPV) has been recognized as one of the most sensitive techniques due to its favorable portability, suitability for automation, short analysis time, and inexpensive instrumentation (Li et al., 2011; Zhang et al., 2011) . Here, we demonstrate the fabrication of a simple, disposable electrochemical sensor on carbon print paper with the capability to analyze both nitrate and mercury ions in lake and drinking water. The electrode was fabricated on disposable paper with the combination of selenium and gold nanoparticles. Selenium particles (SePs) act as an absorbing agent for mercury while the AuNPs catalyze the reduction of nitrate and mercury ions. Our pre-synthesized selenium particles (200 nm to 1 µm in diameter) were deposited on the layer of poly(ethylene glycol) methylether thiol (PEG-SH) coating carbon paper electrode. AuNPs (12 ± 2 nm in diameter) were then deposited on the electrode surface. This deposition was facilitated by the high binding affinity of AuNPs to 5 the thiol groups on PEG-SH (Smith et al., 2015) . The approach takes advantage of the high adsorption of SePs to mercury ions to enhance the anodic stripping voltammetry of mercury, which occurs on the surface of AuNPs. Furthermore, the usage of AuNPs could serve a secondary function as a catalyst for the reduction of nitrate ions. DPV was used to detect nitrate ions while differential pulse stripping voltammetry (DPSV) was used to measure mercury ions (Scheme 1). We found that the disposable electrodes described here provided high sensitivity for the dual detection of both nitrate and mercury ions in a broad linear range. 
Reagents and instruments.
Mercury chloride, ammonium nitrate, gold (III) chloride trihydrate (99.99%), trisodium citrate, potassium chloride, hydroquinone, selenium acid (98%), sucrose (99.5%), hydroquinone (99%), poly(ethylene glycol) methylether thiol (PEG-SH, M n =5000 Da) were purchased from SigmaAldrich (St Louis, MO, USA). The print carbon paper electrodes were purchased from CH Instrument. Inc, (Austin, TX, USA). Electrochemical measurements were carried out using an electrochemical workstation (CHI 660E, CH Instruments Inc., USA). The morphology of the AuNPs was characterized by transmission electron microscopy (TEM, Technai T12). Selenium nanoparticles were synthesized according to literature with a slight modification ). The electrode morphology was characterized by a field emission scanning electron microscope (FE-SEM, JEOL 6500) equipped with an energy dispersive spectrophotometer.
Synthesis of AuNPs and SePs.
Gold nanoparticles were synthesized based on a modification of Turkevich's method using citrate as a stabilizing agent (Demirci et al., 1978; Enustun and Turkevich, 1963; Turkevich et al., 1951) . Briefly, a 100 mL solution of 1 mM HAuCl 4 was boiled under stirring and uniform temperature until the formation of bubbles was observed. The solution was then heated for another 25 min. Then, 10 mL of preheated trisodium citrate (38.8 mM) was quickly added to the boiling HAuCl 4 solution. During this process, the solution turns colorless for a moment followed by a transition from violet to dark ruby/red. The solution was heated for another 5 min before cooling to room temperature. The final red solution of AuNPs was stored at room temperature and covered with aluminum foil. The AuNPs were found to be 12 ± 2 nm in diameter. 
Fabrication of the carbon PEG-SH/SePs/AuNPs paper electrodes.
The PEG-SH/SePs/AuNPs modified paper electrodes were fabricated on disposable paper print carbon electrodes using a drop-casting method. Briefly, the print carbon paper electrode was cleaned several times with nanopure water and was dried under nitrogen before modification.
Then, 0.125 M PEG-SH solution was deposited on print carbon electrodes for 30 min at room temperature. After quickly washing with nanopure water, the pre-synthesized SePs solution (centrifuged 3 times and re-dispersed in nanopure water) was dropped cast (20 µL) on the surface of the PEG-SH electrodes. The solution was dried at room temperature then 20 µL of AuNPs solution (12 ± 2 nm in diameter) was deposited on the electrode. The film was set to air dry and washed two times with nanopure water. All electrodes were stored at room temperature in a covered petri dish and cleaned with nanopure water before each measurement.
Electrochemical characterization and measurement.
Cyclic voltammetry (CV) was utilized to ascertain the deposition of the nanomaterials on the print carbon electrode using 5 mM K 3 [Fe(CN) 6 ] as a redox model in 0.1 M KCl solution.
Differential pulse voltammetry (DPV) and differential pulse anodic stripping voltammetry . DPV and DPSV electrochemical techniques were used to electrochemically detect nitrate and mercury ions, respectively, at optimum conditions. The water samples were also analyzed using common commercial methods for comparison including atomic adsorption spectrometry (AAS) for mercury detection and flow injection analysis (FIA, Lachat Quikchem 8500, Hatch Company, USA) for total nitrate detection (Henriksen and Selmer-Olsen, 1970).
Results and discussion

Characterization of the PEG-SH/SePs/AuNPs modified paper carbon electrode.
We carried out the modification method to provide densely packed, strongly adsorbed nanoparticles on the surface of the carbon paper electrodes. As shown in Figure S1 -A, the SEM images of the printed carbon layer show that this base layer of the paper electrode is porous in nature. As such, the carbon paper electrodes have to be modified with chemicals and/or nanoparticles to improve their surface properties and functionality ( for specific detection of nitrate and mercury ions, respectively (Figure 1-D) . The atomic composition of gold and selenium nanoparticles on the modified carbon paper electrode was further confirmed using energy-dispersive X-ray spectroscopy (EDS) ( Figure S2 ). The nanoparticle showed high density and strongly adsorption on the electrode surface. Insets are the higher magnification of the modified carbon electrode.
Electrochemical characterization of PEG-SH/SePs/AuNPs electrode.
The electrochemical performance of the fabricated PEG-SH/SePs/AuNPs electrode was evaluated by cyclic voltammetry (CV) measurements using the redox couple 
Detection of nitrate ions.
Differential pulse voltammetry was used for the determination of nitrate ions in 0.1 M KCl solution. The PEG-SH/SePs/AuNPs electrodes were used for analysis at optimum DPV parameters. As shown in Figure 3 -A, the electrode response of NH 4 NO 3 at PEG-SH/SePs/AuNPs electrode showed an irreversible reduction peak at -0.31 V. The electrochemical reduction of nitrate to nitrite ions on the surface of the PEG-SH/SePs/AuNPs electrodes exhibited a twoelectron transfer process, as shown in equation (1):
The reduction peak was slightly shifted a to negative potential at lower concentrations and increased linearly with nitrate concentration in the range of 16 µM up to 5 mM (R 2 = 0.98, S/N = 14 3, n = 3) (Figure 3-B) . The limit of detection was calculated to be 8.6 µM for NO 3 -ions, which is far below the maximum nitrate level allowed in drinking water by the United States Environmental Protection Agency (EPA) (**). 
Detection of mercury ions.
Anodic stripping voltammetry is a common electrochemical technique usually used for detection of heavy metal ions. The pulse stripping technique is also known to provide higher sensitivity and greatly reduce signal background noise ( 
Real sample analysis.
Lake waters from the St. Paul, MN (USA) area were used as a real sample matrix for the dual detection of nitrate and mercury. Water samples were spiked with NO 3 -and Hg 2+ ions and analyzed using the fabricated sensor. The detection results presented in Table 1 Figure S6 ).
Although our fabricated sensor is disposable, we have found that the electrode is rather stable as measurements were still 75 ± 2 % accurate even after 20 successive measurements. 
Conclusions 1
We report the development of an electrochemical sensor with that can detect both NO 3 -and Hg 2+ 2 ions in water. SePs and AuNPs were synthesized and deposited on the surface of disposable 3 carbon paper electrodes with PEG-SH as a linker. The modified electrode was characterized with 4 SEM, XRD and electrochemical techniques. The electrode exhibited favorable electron transfer, 5 high sensitivity and the ability to detect both Hg 2+ and NO 3 -ions in water limits of detection of 6 8.6 µM and 1.0 ppb respectively. Finally, this electrode was successfully applied in real lake 7 water samples. We believe our PEG-SH/SePs/AuNPs electrochemical sensor holds great 8 potential for the simultaneous detection of nitrate and/or mercury ions in drinking and 9 environmental water samples. 10
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